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Relativistic, kinematically complete phenomenological expressions for the
dilepton decay rates of nucleon resonances with arbitrary spin and parity are
derived in terms of the magnetic, electric, and Coulomb transition form fac-
tors. The dilepton decay rates of the nucleon resonances with masses below 2
GeV are estimated using the extended vector meson dominance (VMD) model
for the transition form factors. The model provides a unified description of
the photo- and electroproduction data, γ(γ∗)N → N∗, the vector meson de-
cays, N∗ → Nρ(ω), and the dilepton decays, N∗ → Nℓ+ℓ−. The constraints
on the transition form factors from the quark counting rules are taken into
account. The parameters of the model are fixed by fitting the available photo-
and electroproduction data and using results of the multichannel partial-wave
analysis of the πN scattering. Where experimental data are not available,
predictions of the non-relativistic quark models are used as an input. The
vector meson coupling constants of the magnetic, electric, and Coulomb types
are determined. The dilepton widths and the dilepton spectra from decays of
nucleon resonances with masses below 2 GeV are calculated.
keywords: nucleon resonances, electromagnetic transition form factors,
dileptons
PACS: 25.75.Dw, 13.30.Ce, 12.40.Yx
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I. INTRODUCTION
Particle properties in the medium are generally known to be different from particle prop-
erties in the vacuum. The change of the nucleon mass in the nuclear matter was studied
within the Walecka model [1,2] already in the 1970’s. During the last decade, the problem
of the description of hadrons in dense and hot nuclear matter received new attention [3–6].
The goal of the current investigations is to determine mass shifts and broadening of the
resonances in nuclear matter. The best probe for measuring the in-medium modifications of
the vector mesons masses and widths are dileptons which, being produced, leave the reaction
zone essentially undistorted by the final-state interactions.
The data on the total photoabsorption cross section on heavy nuclei [7] give an evidence
for a broadening of nucleon resonances in nuclear medium [8]. The physics behind this effect
is the same as in the collision broadening of the atomic spectral lines in hot and dense gases,
discussed by Weisskopf [9] in early 1930’s.
Dilepton spectra from heavy-ion collisions have been measured by the CERES and
HELIOS-3 Collaborations at SPS [10,11] (a few hundreds GeV per nucleon) and by the
DLS Collaboration at the BEVALAC [12] (a few GeV per nucleon). The collision broad-
ening makes the peaks associated with the V → e+e− vector meson decays in the CERES
and HELIOS-3 experiments unobservable, but the spectra can be described theoretically,
although the origin of the enhanced dilepton yields in the low mass region i.e. below the
ρ-meson peak is still a matter of current debate.
However, concerning the DLS experiment, the measured dilepton spectra do not match
with the theoretical estimates, even when possible reduction of the ρ-meson mass and the
ρ-meson broadening are taken into account [13]. The future HADES experiment at GSI will
study the dilepton spectra in the same energy range in greater details [14].
The dilepton modes of nucleon resonances are important sources of the dilepton pro-
duction in proton-proton and heavy-ion collisions. In this paper, we derive kinematically
complete phenomenological expressions for the dilepton decays of nucleon resonances with
arbitrary spin and parity, parameterized in terms of the magnetic, electric, and Coulomb
transition form factors, and give numerical estimates for the dilepton spectra and dilepton
widths of the nucleon resonances with masses below 2 GeV.
In order to calculate the dilepton decays, one needs to know the electromagnetic transition
form factors of nucleon resonances in the time-like region. The standard vector meson dom-
inance (VMD) with the ground-state ρ-, ω-, and φ-mesons predicts monopole form factors
with 1/q2 asymptotics at q2 → ∞. Such asymptotics are, according to the quark counting
rules [15], valid for the electromagnetic pion form factor. However, already in the case of
the nucleon form factors, radially excited vector mesons ρ′, ρ′′ ... etc. should be added into
the VMD model in order to provide a dipole behavior for the Sachs form factors and de-
scribe the experimental data [16–19]. It was pointed out [20] that the standard VMD model
overestimates the photon branching ratios of the nucleon resonances if decay widths of the
nucleon resonances are used as an input. It disagrees also with the quark counting rules for
the transition form factors. The higher powers of 1/q2 in the asymptotics imply a destructive
interference between contributions of vector mesons at small q2. This effect decreases the
photon branching ratios. It can help to describe the experimental data for the vector meson
and the photon decays of the nucleon resonances within the VMD model framework.
We use the extended VMD model for the description of the transition form factors of the
nucleon resonances. The model provides a unified description of photo- and electroproduction
data and the vector meson decays of the nucleon resonances. Its parameters are fixed by
fitting the available data. The form factors are finally used for the calculation of the dilepton
decays of nucleon resonances.
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The same philosophy has been used in Ref. [21] in order to predict unknown meson decay
channels to dileptons. Recent measurements e.g. for φ → ηe+e−, η → π+π−e+e− by the
CMD-2 Collaboration [22] are in excellent agreement with predictions [21]. This gives a
support for the extended VMD model in general, and also concerning the reliability of the
present investigations of the dilepton decay channels of the nucleon resonances.
The outline of this paper is as follows: In the next Sect., we describe the general framework
for the description of the higher-spin resonances, electromagnetic vertexes in terms of the
covariant form factors, Fk(q
2), which are free from kinematical singularities, and calculate
helicity γ∗N → N∗ amplitudes in terms of the covariant form factors Fk(q2).
The relations between the magnetic, electric, and Coulomb transition form factors and
the covariant form factors Fk(q
2) have been established for the ∆(1232)-resonance by Jones
and Scadron [23] and for arbitrary spin resonances by Devenish, Eisenschitz and Ko¨rner [24].
We find it worthwhile to rederive for methodical purposes in Sect. 3 these relations in view
of the controversy existing in the literature concerning the simple ∆(1232) radiative and
dilepton decays (for a discussion see Ref. [25]). First, we transform amplitudes with the fixed
total angular momentum of the photon and orbital momentum of the γ∗N system to the
magnetic, electric, and Coulomb amplitudes, and, second, transform amplitudes with fixed
total angular momentum and the orbital momentum to the helicity basis.
The kinematically complete phenomenological expressions for the N∗ → Nγ∗ decay rates,
where γ∗ is a virtual massive photon, and the N∗ → Ne+e− decay rates are then obtained in
terms of the the magnetic, electric, and Coulomb transition form factors. The experimental
data on the photo- and electroproduction of the nucleon resonances are quoted for the helicity
amplitudes and/or magnetic, electric, and Coulomb transition form factors. The results of
Sects. 2 and 3 are sufficient for the description of these data.
The data for the vector meson decays of the nucleon resonances are quoted usually in the
partial-wave basis for a fixed total spin and a fixed orbital momentum of the NV system. In
Sect. 4, we establish the connection between the partial-wave basis and the helicity basis of
the V N → N∗ amplitudes. The results of Sect. 4 are sufficient to fit the data for the vector
meson decays of the nucleon resonances.
In Sect. 5, we establish a general representation for the transition form factors in the no-
width vector meson limit within the extended VMDmodel, consistent with the quark counting
rules. The quark counting rules reduce the number of the phenomenological parameters which
otherwise cannot be determined. The overall sign of the vector meson decay amplitudes is
not fixed experimentally with respect to the photo- and electroproduction amplitudes. We
use the non-relativistic quark model to fix this sign.
In Sect. 6, numerical results are presented. We perform a fit to the amplitudes of the
photo- and electroproduction of the nucleon resonances and to the vector meson decay am-
plitudes and determine free parameters of the extended VMD model. The minimal extension
is found to be sufficient to describe the available data. We use for the vector meson decay
amplitudes the data from PDG [26]. When these data are not available, the results of the
multichannel πN partial-wave analysis by the Manley and Saleski [27] and Longacre and
Dolbeau [28] are used. In other cases, we use the quark model predictions by Koniuk [29]
and Capstick and Roberts [30]. We give the coupling constants of the nucleon resonances
with the ρ-, and ω-mesons, determined form the fit, the total widths of the dilepton decays
of the nucleon resonances, and their dilepton spectra.
II. THE γ∗N → N∗ HELICITY AMPLITUDES
The electromagnetic transition current between the nucleon and a spin-J nucleon reso-
nance has the form
3
Jµ(p∗, λ∗, p, λ) = euβ1...βl(p∗, λ∗)Γ
(±)
β1...βlµ
u(p, λ) (II.1)
where m∗ and m are masses, p∗ and p are momenta, λ∗ and λ are helicities of the resonance
and the nucleon, e = −√4πα is the electron charge, α = 1/137. In the resonance rest frame,
p∗ = (m∗, 0, 0, 0), p = (E, 0, 0,−k).
The spinor uβ1...βl(p∗, λ∗) is the generalized Rarita-Schwinger spinor (see e.g. [31,32]) that
describes fermions with J = l+ 1
2
≥ 3
2
. It is symmetric with respect to the indices β1...βl and
traceless. The spinors are normalized by
u(p, λ)u(p, λ) = 2m,
(−)luβ1...βl(p∗, λ∗)uβ1...βl(p∗, λ∗) = 2m∗ (II.2)
(there is a misprint in Eq.(15.7) of Ref. [32]). The matrices Γ
(±)
β1...βlµ
stand for the normal- and
abnormal parity resonances, JP = 1
2
−
, 3
2
+
, 5
2
−
, ... (the upper sign) and JP = 1
2
+
, 3
2
−
, 5
2
+
, ...
(the lower sign).
The photon polarization vectors have the form
ǫ(±1)µ (q) =
1√
2
(0,∓1,−i, 0),
ǫ(0)µ (q) =
1
M
(k, 0, 0, ω), (II.3)
where q = p∗ − p = (ω, 0, 0, k), q2 = M2. These vectors are transversal, qµǫ(λ)µ (q) = 0, and
normalized by
ǫ(λ)µ (q)
∗ǫ(λ
′)
µ (q) = −δλλ′ . (II.4)
In the limit M → 0, ǫ(0)µ (q) = qµ/M + O(M). Due to the current conservation qµJµ = 0,
the longitudinal component of the vector current equals ǫ
(0)
µ (q)Jµ = O(M), so it vanishes for
physical photons at M = 0.
A. The γ∗N → N∗ vertexes
Spin J ≥ 3
2
resonances. The resonances with arbitrary spin have three independent
helicity amplitudes in the γ∗N → N∗ transitions. It means that there are three independent
scalar functions to fix the vertexes. The most general decomposition of the vertex Γ
(±)
β1...βlµ
over the Lorentz vectors and the Dirac gamma matrices has the form [23,24,33]
Γ
(±)
β1...βlµ
= qβ1 ...qβl−1Γ
(±)
βlµ
(II.5)
where
Γ
(±)
βµ =
∑
k
Γ
(±)k
βµ F
(±)
k . (II.6)
In Eq.(II.5), the symmetrization over the indices β1, ..., βl is assumed. The values F
(±)
k
are scalar functions of q2 and are called covariant form factors in the following. In this
representation, the Dirac structure of the transition amplitudes is fully separated off and
expressed by the Γ
(±)k
βµ matrices.
For the normal-parity case, the matrices Γ
(+)i
βµ (i = 1, 2, 3) have the form
4
Γ
(+)1
βµ = m∗(qβγµ− 6 qgβµ)γ5, (II.7)
Γ
(+)2
βµ = (qβPµ − q · Pgβµ)γ5, (II.8)
Γ
(+)3
βµ = (qβqµ − q2gβµ)γ5 (II.9)
where γ5 = iγ
0γ1γ2γ3, P = 1
2
(p∗ + p). For the abnormal-parity case, the matrices Γ
(−)i
βµ
(i = 1, 2, 3) can be taken to be
Γ
(−)k
βµ = Γ
(+)k
βµ γ5. (II.10)
The sets (II.7)-(II.10) are simply related to the sets used in Refs. [23,24].
Spin J = 1
2
resonances. The vertex Γ
(±)
µ (l = 0) can also be expanded like in Eq.(II.6).
There are two matrices Γ
(+)i
µ (i = 1, 2) for the normal-parity case JP =
1
2
−
,
Γ
(+)1
µ = (q
2γµ− 6 qqµ)γ5, (II.11)
Γ
(+)2
µ = (P · qγµ − Pµq)γ5, (II.12)
and two matrices for the abnormal-parity case JP = 1
2
+
,
Γ
(−)k
µ = Γ
(+)k
µ γ5. (II.13)
The sets (II.12)-(II.13) are identical to the sets used in Ref. [24]. The vertex dimensions are
Γ
(±)
β1...βlµ
∽ 1, Γ
(±)
βµ ∽ 1/m
l−1
∗ , and F
(±)
k ∽ 1/m
l+1
∗ .
B. The N∗ → Nγ∗ decay width in terms of helicity amplitudes
The photo- and electroproduction T -matrix elements (S = 1 + iT ),
< JJz|T |λλγn >, (II.14)
depend on the resonance spin, J , its projection on the z-axis, Jz, the nucleon and photon
helicities, λ and λγ , and on the unit vector, n, in the direction of the photon momentum.
The N∗ → Nγ∗ width has the form
Γ(N∗ → Nγ∗) = k
32π2m∗2
∫
dΩ
n
∑
λλγ
| < λλγn|T |JJz > |2 . (II.15)
The angular dependence of the matrix element < JJz|T |λλγn > is a universal function
(see e.g. [34]) determined by the resonance total spin and its spin projections:
< JJz|T |λλγn >= DJλ∗Jz(n)∗ < Jλ∗n|T |λλγn > (II.16)
where λ∗ = −λ+ λγ is the resonance helicity. The rotation matrices
DJλ∗Jz(n) =< Jλ∗n|JJz > (II.17)
are the amplitudes of finding the resonance with the spin projection λ∗ on the unit vector n in
a state with the spin projection Jz on the z-axis. The helicity amplitudes < Jλ∗n|T |λλγn >
do not depend on the vector n, so the symbol n can be suppressed. There exist six helicity
amplitudes, three ones with positive λ∗’s and three ones with negative λ∗’s. The P -invariance
of the electromagnetic interactions gives a symmetry relation for the amplitudes with opposite
signs of the helicities (see e.g. [32], Eq.(70.13)):
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< J − λ∗|T | − λ− λγ >= ∓ < Jλ∗|T |λλγ > . (II.18)
The functions DJλ∗Jz(n) are the unitary matrices with respect to the indices λ∗ and Jz.
The normalization condition reads∫
dΩ
n
DJλ∗Jz(n)
∗DJ
′
λ′
∗
J ′z
(n) =
4π
2J + 1
δJJ
′
δλ∗λ
′
∗δJzJ
′
z . (II.19)
Using the properties of the helicity amplitudes and of the DJλ∗Jz(n) matrices, one obtains the
N∗ → Nγ∗ decay width in terms of the three helicity amplitudes:
Γ(N∗ → Nγ∗) = k
32π2m2∗
8π
2J + 1
∑
λ∗=−λ+λγ>0
| < λλγ|T |Jλ∗ > |2 . (II.20)
C. Helicity amplitudes in terms of the covariant form factors F
(±)
k
Since the amplitudes < λλγ|T |Jλ∗ > do not depend on the vector n, it is convenient to
choose it in the direction of the z-axis. The helicity amplitudes can then be calculated in
terms of the covariant form factors F
(±)
k from equation〈
Jλ(±)∗ |T |λλγ
〉
= −euβ1...βl(p∗, λ∗)Γ(±)β1...βlµu(p, λ)ǫ(λγ)µ (q). (II.21)
The sign ± refers to the natural- and abnormal-parity resonances. We use the following
notations for these amplitudes:
F
(±)
3
2
=
〈
J
3
2
(±)
|T | − 1
2
1
〉
,
F
(±)
1
2
=
〈
J
1
2
(±)
|T |+ 1
2
1
〉
,
M
m∗
C
(±)
1
2
=
〈
J
1
2
(±)
|T | − 1
2
0
〉
. (II.22)
These amplitudes describe, respectively, the double-spin-flip, no-spin-flip, and single-spin-flip
transitions. For l = 0, the amplitude F
(±)
3
2
should be set equal to zero.
The experimental data for the helicity amplitudes (II.22) are quoted by PDG in the non-
relativistic normalization for the fermions, including a factor of 1/
√
2ω0 from the photon
wave function, and also a sign of the πN → N∗ amplitude and an additional sign ∓ for
nucleon and ∆-resonances. The value ω0 = (m
2
∗ −m2)/(2m∗) is the real-photon energy.
Spin J ≥ 3
2
resonances. The direct calculations give


±F(±)3
2
−F(±)1
2
±C(±)1
2

 = λ(±)l 2(±m)3m± ×


√
l+2
2l
2m±m∗
√
l+2
2l
m+m−
√
l+2
2l
2M2√
1
2
2(m±(∓m) +M2)
√
1
2
m+m−
√
1
2
2M2
2m2∗ 2m
2
∗ − 12∆20 ∆20



 F
(±)
1
F
(±)
2
F
(±)
3

 (II.23)
where
6
m± = m∗ ±m,
∆20 = m+m− +M
2.
The coefficients λ
(±)
l are defined as
λ
(±)
l = e
3m±
4(±m)
√
m2∓ −M2kl−1
√
2l(l!)2(l + 1)
(2l + 1)!
(II.24)
with J = l + 1
2
. Notice that
F
(−)
3
2
(m∗, m) = −F(+)3
2
(m∗,−m),
F
(−)
1
2
(m∗, m) = +F
(+)
1
2
(m∗,−m),
C
(−)
1
2
(m∗, m) = −C(+)1
2
(m∗,−m). (II.25)
Spin J = 1
2
resonances. The direct calculation gives the following expression for the
helicity amplitudes:
 F(±)12
±√2C(±)1
2

 = λ(±)0
m∗
(
2M2 m+m−
−2m∗m∓ −m∗m±
)(
F
(±)
1
F
(±)
2
)
. (II.26)
The parameters λ
(±)
0 are defined by
λ
(±)
0 = e
m∗√
2
√
m2± −M2. (II.27)
III. MAGNETIC, ELECTRIC, AND COULOMB TRANSITION FORM FACTORS
The photo- and electroproduction of nucleon resonances can be described in terms of the
amplitudes A
(±)
Jγ ,ℓ
with the definite total angular momentum Jγ = J +
1
2
, J − 1
2
of the photon
and the definite orbital momentum ℓ = Jγ + 1, Jγ , Jγ − 1 of the Nγ∗ system (ℓ should not
be mixed with l in Eq.(II.1)). There are three nonvanishing amplitudes:
A
(±)
J ′γ ,J
′
γ
, A
(±)
Jγ ,Jγ+1
, A
(±)
Jγ ,Jγ−1 (III.1)
where J ′γ = J ∓ 12 and Jγ = J ± 12 . In the spin J = 12 case, the photo- and electroproduction
processes are described by two amplitudes A
(+)
1,2 and A
(+)
1,0 for negative parity resonances and
A
(−)
0,1 and A
(−)
1,1 for positive parity resonances.
We establish first a connection of the magnetic, electric, and Coulomb amplitudes to the
amplitudes A
(±)
Jγ ,ℓ
and find then a connection of the amplitudes A
(±)
Jγ ,ℓ
to the helicity amplitudes.
In this way, using Eqs. (II.23) and (II.26), we express the magnetic, electric, and Coulomb
form factors in terms of the covariant form factors Fk.
A. Relation between Jγℓ amplitudes and monopole amplitudes
In the momentum space, the photon vector potentials with the definite total angular
momentum, Jγ , its projection, m, on the z-axis, and orbital momentum, ℓ, have the form
7
AJγmℓ(n) =
∑
λγ
C
Jγm
ℓm−λγ1λγYℓm−λγ (n)ε
(λγ ) (III.2)
where ε(λγ) is the space-like part of the polarization vector (II.3) with the vanishing momen-
tum k = 0. The spherical coordinates of the vector potential have the form
(AJγmℓ(n))λγ ≡ −ε(λγ ) ·AJγmℓ(n) = (−)1+λγCJγmℓm+λγ1−λγYℓm+λγ (n). (III.3)
In momentum space, the magnetic, electric and Coulomb potentials equal [32],
ATJγm(n) = a
TYJγm(n) (III.4)
where T = M,E,C and
aM =
l√
Jγ(Jγ + 1)
,
aE =
∇n√
Jγ(Jγ + 1)
,
aC = n. (III.5)
Here, l = −ik× ∂/∂k is the orbital momentum operator and ∇n = k∂/∂k. Using the Wigner-
Eckart theorem (see e.g. [34]),
< ℓm′|(aT )λγ |Jγm >= Cℓm
′
Jγm1λγ < ℓ||aT ||Jγ >, (III.6)
the spherical coordinates of the vector potentials ATJγm(n) can be found to be
(ATJγm(n))λγ =
∑
ℓ
(−)ℓ+1−Jγ
√
2ℓ+ 1
2Jγ + 1
< ℓ||aT ||Jγ > (AJγmℓ(n))λγ . (III.7)
Notice that ℓ = Jγ ± 1 for T = M,E and ℓ = Jγ for T = C. Eq.(III.7) gives a connection
between the Jγℓ and JγT representations for the photon wave functions and, respectively, for
the γ∗N → N∗ transition amplitudes.
The linear combinations, R
(±)
Jγ ,T
, of the amplitudes A
(±)
Jγ ,ℓ
with the coefficients of Eq.(III.7)
describe absorption of photons of the magnetic, electric, and Coulomb types. In the matrix
form,


R
(±)
J ′γ ,M
R
(±)
Jγ ,E
R
(±)
Jγ ,C

 =


1 0 0
0 +
√
Jγ
2Jγ+1
+
√
Jγ+1
2Jγ+1
0 −
√
Jγ+1
2Jγ+1
+
√
Jγ
2Jγ+1




A
(±)
J ′γ ,J
′
γ
A
(±)
Jγ ,Jγ+1
A
(±)
Jγ ,Jγ−1

 . (III.8)
B. Relation between Jγℓ amplitudes and helicity amplitudes
The amplitudes A
(±)
Jγ ,ℓ
can be expressed in terms of the helicity amplitudes F
(±)
3
2
, F
(±)
1
2
, and
C
(±)
1
2
. Let us consider T -matrix elements
< JJz|T |JJzJγℓ >, (III.9)
with |JJzJγℓ > given by
8
|JJzJγℓ >=
∑
szJγz
∑
sγzm
CJJz
JγJγz
1
2
sz
C
JγJγz
ℓm1sγz
|ℓm > |1
2
sz > |1sγz > . (III.10)
The states |JJzJγℓ > are eigenstates of the total angular momentum J, its projection on the
z- axis Jz, the total photon angular momentum Jγ , and of the orbital angular momentum ℓ of
the Nγ∗ system. The values CJJz
JγJγz
1
2
sz
and C
JγJγz
ℓm1sγz
are the usual Clebsh-Gordon coefficients
(CGC’s) with the phase conventions of PDG [26]. In Eq.(III.10) and below, the standard
rules for combining the angular momenta and spins are used (see e.g. [35]), according to which
baryons in CGC’s appear before mesons, the orbital momentum in CGC’s comes before the
intrinsic spin, and the angles in the spherical harmonic Ylm(n) are measured with respect to
the first particle in the corresponding isospin CGC’s.
Using the set |λλγn > of the helicity states, the T -matrix elements < JJz|T |JJzJγℓ >
can be transformed as follows:
< JJz|T |JJzJγℓ >=
∫
dΩ
n
∑
λλγ
< JJz|T |λλγn >< λλγn|JJzJγℓ > . (III.11)
The state |JJzJγℓ > is a superposition of eigenstates of the helicity λ∗ of the resonance:
|JJzJγℓ >=
∑
λ∗
DJλ∗Jz(n)|Jλ∗Jγℓ > .
Using the decomposition of Eq.(III.10) for the states |Jλ∗Jγℓ >, the amplitudes <
λλγn|JJzJγℓ > can be found to be
< λλγn|JJzJγℓ >=
√
2ℓ+ 1
4π
DJλ∗Jz(n)C
Jλ∗
Jγλγ
1
2
−λC
Jγλγ
ℓ01λγ
. (III.12)
The CGC’s entering Eq.(III.2) originate from the decomposition of Eq.(III.10), where one
should set Jz = λ∗, Jγz = sγz =λγ , and m = Jγz − sγz = 0. The coefficient
√
2ℓ+1
4π
arises from
the spherical harmonic < n|ℓm >= Ylm(n) evaluated at m = 0 and n = (0, 0, 1).
The integration in Eq.(III.11) removes the D-matrices. The T -matrix elements < JJz|T
|JJzJγℓ > are expressed in terms of the T -matrix elements < Jλ∗|T |λλγ > as follows
< JJz|T |JJzJγℓ >=
√
4π(2ℓ+ 1)
2J + 1
∑
λλγ
CJλ∗
Jγλγ
1
2
−λC
Jγλγ
ℓ01λγ
< Jλ∗|T |λλγ > . (III.13)
The amplitudes A
(±)
Jγ ,ℓ
can be defined by
A
(±)
Jγ ,ℓ
=
√
2J + 1
8π
< JJz|T |JJzJγℓ > . (III.14)
The symmetry of the helicity amplitudes under the P -transformation can be used to reduce
the summation in Eq.(III.13) to positive values of λ∗ = −λ+ λγ > 0, which yields
A
(±)
Jγ ,ℓ
=
1± (−)−l+ℓ√
2
√
2ℓ+ 1
2J + 1
∑
λ∗=−λ+λγ>0
CJλ∗
Jγλγ
1
2
−λC
Jγλγ
ℓ01λγ
< Jλ∗|T |λλγ > . (III.15)
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C. Relation between magnetic, electric, and Coulomb transition form factors and
helicity amplitudes
Spin J ≥ 3
2
resonances. The electric, magnetic and Coulomb transition form factors are
defined by
R
(±)
J− 1
2
,M/E
= ∓λ(±)l
√
l + 1
l
G
(±)
M/E ,
R
(±)
J+ 1
2
,E/M
= ∓λ(±)l
√
(l + 1)(l + 2)G
(±)
E/M ,
R
(±)
J± 1
2
,C
= ∓λ(±)l
M
m∗
G
(±)
C . (III.16)
Here, the G
(±)
M/E stands for G
(+)
M or G
(−)
E and the G
(±)
E/M stands for G
(+)
E or G
(−)
M with the
coefficients λ
(±)
l given by Eq.(2.24). Using Eqs.(III.8) and (II.22) and substituting the coeffi-
cients C
Jγλγ
ℓ01λγ
and CJλ∗
Jγλγ
1
2
λ
in Eq.(III.15), we obtain the following relation between the electric,
magnetic, and Coulomb form factors and the helicity amplitudes:
λ
(±)
l


√
l+1
l
G
(±)
M/E√
(l + 1)(l + 2)G
(±)
E/M
G
(±)
C

 =


+
√
l+2
2(l+1)
+
√
l
2(l+1)
0
+
√
l
2(l+1)
−
√
l+2
2(l+1)
0
0 0 +1




F
(±)
3
2
F
(±)
1
2
C
(±)
1
2

 . (III.17)
The transformation matrix is an orthogonal matrix.
The helicity amplitudes are expressed in terms of the covariant form factors Fk in
Eq.(II.23). Eqs.(II.23) and (III.17) can be combined to give a linear relation between the
magnetic, electric, and Coulomb form factors and the covariant form factors Fk.
The monopole form factors are expressed in terms of the covariant form factors F
(+)
k as
follows: 
 G
(+)
M
G
(+)
E
G
(+)
C

 = 2m
3m+


∆2
l+1
l+1
m+m−
l+1
2M2
l+1
∆20
l+1
m+m−
l+1
2M2
l+1
2m2∗ 2m
2
∗ − 12∆20 ∆20



 F
(+)
1
F
(+)
2
F
(+)
3

 , (III.18)

 G
(−)
M
G
(−)
E
G
(−)
C

 = 2m
3m−


σ2
−
l+1
0 0
σ2
−
l+1
+∆20 m+m− 2M
2
2m2∗ 2m
2
∗ − 12∆20 ∆20



 F
(−)
1
F
(−)
2
F
(−)
3

 (III.19)
where
m± = m∗ ±m,
∆2l = m+m− +M
2 + lσ2+,
σ2± = m
2
± −M2.
The photon momentum appearing in Eq.(II.3) can be written as k =
√
σ2−σ
2
+/(2m∗). The
inverse transformations have the form
 F
(+)
1
F
(+)
2
F
(+)
3

 = 3m+
2mσ2+σ
2
−
×
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
 σ2− −σ2− 0−σ2− 2m∗m− + l∆20 −2M2
−1
2
σ2− −m∗m+ − 12 l(4m2∗ −∆20) m+m−



 G
(+)
M
G
(+)
E
G
(+)
C

 , (III.20)

 F
(−)
1
F
(−)
2
F
(−)
3

 = 3m−
2mσ2+σ
2
−
×

 (l + 1)σ2+ 0 0−2m∗m+ − lσ2+ ∆20 −2M2
m∗m− − 12 lσ2+ −2m2∗ + 12∆20 m+m−



 G
(−)
M
G
(−)
E
G
(−)
C

 . (III.21)
In terms of the magnetic, electric, and Coulomb form factors, the resonance decay widths
equal
Γ(N∗(±) → Nγ∗) =
9α
16
(l!)2
2l(2l + 1)!
m2±(m
2
∓ −M2)l+1/2(m2± −M2)l−1/2
m2l+1∗ m2(
l + 1
l
∣∣∣G(±)M/E∣∣∣2 + (l + 1)(l + 2) ∣∣∣G(±)E/M ∣∣∣2 + M2m2∗
∣∣∣G(±)C ∣∣∣2
)
. (III.22)
There is a symmetry between expressions for decay widths of the normal- and abnormal-
parity resonances: m+ ↔ m−, G(+)M ↔ G(−)E , G(+)E ↔ G(−)M , G(+)C ↔ G(−)C . For l = 1, we
recover the result of Ref. [25].
Spin J = 1
2
resonances. In the lowest spin case, the electric and magnetic form factors
are defined by
R
(±)
J− 1
2
,M/E
= G
(±)
M/E ≡ 0,
R
(±)
J+ 1
2
,E/M
= ∓
√
2λ
(±)
0 G
(±)
E/M ,
R
(±)
J± 1
2
,C
= ∓λ(±)0
M
m∗
G
(±)
C .
The helicity amplitudes are simply connected to the electric (magnetic) and Coulomb ampli-
tudes:
λ
(±)
0
( √
2G
(±)
E/M
G
(±)
C
)
=
( −1 0
0 1
) F(±)12
C
(±)
1
2

 (III.23)
The Eqs. (II.26) and (III.23) can be combined to give a relation between the magnetic,
electric, and Coulomb form factors and the form factors Fk. In the spin-
1
2
case, these form
factors have the form(
G
(±)
E/M
±G(±)C
)
= − 1√
2m∗
(
2M2 m+m−
2m∗m∓ m∗m±
)(
F
(±)
1
F
(±)
2
)
. (III.24)
The inverse relations are as follows(
F
(±)
1
F
(±)
2
)
=
1√
2m±σ2∓
(
m∗m± −m+m−
−2m∗m∓ 2M2
)(
G
(±)
E/M
±G(±)C
)
. (III.25)
The resonance decay width can be found to be
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Γ(N∗(±) → Nγ∗) =
α
8m∗
(m2± −M2)3/2(m2∓ −M2)1/2(
2
∣∣∣G(±)E/M ∣∣∣2 + M2m2∗
∣∣∣G(±)C ∣∣∣2
)
. (III.26)
We use the normalization for the monopole form factors identical to Ref. [24]. The
∆(1232)-resonance form factors of Refs. [23,25] contain an additional factor of
√
2
3
. In the
limit M → 0, we recover Eqs.(2.59) and (2.60) of Ref. [24]. Eqs. (III.22) and (III.26) are the
main results of this Sect.
IV. THE N∗ → Nγ∗ PARTIAL-WAVE AMPLITUDES
The decay width of the N∗ → Nγ∗ transition can be calculated in terms of the amplitudes
H
(±)
S,ℓ with the definite total spin, S, of the Nγ
∗ system and the definite orbital momentum, ℓ,
of the Nγ∗ system (ℓ = J ∓ 1
2
, J ± 3
2
for JP = 3
2
±
, 5
2
∓
, ... ). The nucleon decays are described
by three independent amplitudes
H
(±)
1
2
,J∓ 1
2
, H
(±)
3
2
,J∓ 1
2
, H
(±)
3
2
,J± 3
2
, (IV.1)
while in the case JP = 1
2
∓
, the decays are described by two independent amplitudes H
(+)
1
2
,0
,
H
(+)
3
2
,2
and H
(−)
1
2
,1
, H
(−)
3
2
,1
. The amplitudes H
(±)
S,ℓ can be connected to the helicity amplitudes F
(±)
3
2
,
F
(±)
1
2
, and C
(±)
1
2
.
A. Relation between partial-wave and helicity amplitudes
Let us consider the T -matrix elements
< JJzSℓ|T |JJz > . (IV.2)
The states |JJzSℓ > are defined by
|JJzSℓ >=
∑
Szm
CJJzℓmSSz |ℓm > |SSz > . (IV.3)
They are eigenstates of the total spin, S, of the nucleon and a virtual photon, of the orbital
momentum, ℓ, and of the total angular momentum, J , and its projection on z- axis, Jz, of
the decaying resonance N∗. Using the set of the helicity states |λλγn >, one can relate the
T -matrix elements < JJzSℓ|T |JJz > to the T -matrix elements < λλγn|T |JJz >:
< JJzSℓ|T |JJz >=
∫
dΩ
n
∑
λλγ
< JJzSℓ|λλγn >< λλγn|T |JJz > . (IV.4)
The state < JJzSℓ| can be rotated to give a superposition
< JJzSℓ| =
∑
λ∗
DJJzλ∗(n)
∗ < Jλ∗Sℓ|. (IV.5)
Using the decomposition of Eq.(IV.3) with Jz = Sz = λ∗ and m = 0 for the rotated state
< Jλ∗Sℓ|, we obtain
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< JJzSℓ|λλγn >=
√
2ℓ+ 1
4π
CJλ∗ℓ0Sλ∗C
Sλ∗
1
2
−λ1λγD
J
Jzλ∗(n)
∗. (IV.6)
The factor
√
2ℓ+1
4π
originates from the product < ℓm|n >= Y ∗lm(n) evaluated at m = 0 and
n = (0, 0, 1). The angular dependence in the amplitudes < λλγn|T |JJz > is factorized
with the help of Eq.(II.17). The D-matrices are then removed by the angular integration
in Eq.(IV.4). The T -matrix elements in the partial-wave representation, < JJzSℓ|T |JJz >,
become [36]
< JJzSℓ|T |JJz >=
√
4π(2ℓ+ 1)
2J + 1
∑
λλγ
CJλ∗ℓ0Sλ∗C
Sλ∗
1
2
−λ1λγ < λλγ |T |Jλ∗ > . (IV.7)
We extract from the amplitude the kinematical factors λ
(±)
l and define the amplitude H
(±)
S,ℓ
as follows
λ
(±)
l H
(±)
S,ℓ =
√
2J + 1
8π
< Sℓ|T |JJz > . (IV.8)
The symmetry of the helicity amplitudes under the P -transformation can be used to remove
in Eq.(IV.7) the summation over the negative values of λ∗. We thus obtain
λ
(±)
l H
(±)
S,ℓ =
1± (−)−l+ℓ√
2
√
2ℓ+ 1
2J + 1
∑
λ∗=−λ+λγ>0
CJλ∗ℓ0Sλ∗C
Sλ∗
1
2
−λ1λγ < λλγ |T |Jλ∗ > . (IV.9)
Spin J ≥ 3
2
resonances. The partial-wave amplitudes are linear combinations of the
helicity amplitudes:
λ
(+)
l


H
(+)
1
2
,J− 1
2
H
(+)
3
2
,J− 1
2
H
(+)
3
2
,J+ 3
2

 =


0 −
√
2
3
+
√
1
3
−
√
3(l+2)
2(2l+3)
−
√
l
6(2l+3)
−
√
l
3(2l+3)
−
√
l
2(2l+3)
+
√
l+2
2(2l+3)
+
√
l+2
2l+3




F
(+)
3
2
F
(+)
1
2
M
m∗
C
(+)
1
2

 , (IV.10)
λ
(−)
l


H
(−)
1
2
,J+ 1
2
H
(−)
3
2
,J+ 1
2
H
(−)
3
2
,J− 3
2

 =


0 +
√
2
3
−
√
1
3
+
√
3l
2(2l+1)
−
√
l+2
6(2l+1)
−
√
l+2
3(2l+1)
+
√
l+2
2(2l+1)
+
√
l
2(2l+1)
+
√
l
2l+1




F
(−)
3
2
F
(−)
1
2
M
m∗
C
(−)
1
2

 . (IV.11)
The matrices entering these equations are orthogonal ones.
Spin J = 1
2
resonances. The transformation from the helicity basis to the partial-wave
basis is given by
λ
(+)
0

 H(+)12 ,J− 12
H
(+)
3
2
,J+ 3
2

 =

 −
√
2
3
+
√
1
3
+
√
1
3
+
√
2
3



 F(+)12
M
m∗
C
(+)
1
2

 , (IV.12)
λ
(−)
0

 H(−)12 ,J+ 12
H
(−)
3
2
,J+ 1
2

 =

 +
√
2
3
−
√
1
3
−
√
1
3
−
√
2
3



 F(−)12
M
m∗
C
(−)
1
2

 . (IV.13)
The inverse transformations are given by the transposed matrices. Eqs.(IV.10) - (IV.13) are
in agreement with Ref. [29] where the transformation matrices are given for l = 0, 1, 2, 3.
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B. Dilepton decay widths
The N∗ → Nγ∗ decay width has many equivalent representations that can be obtained
from Eqs.(II.15) and (II.20) making use of the completeness of sets of the Nγ∗ states:
32π2m∗2
k
Γ(N∗ → Nγ∗) =
=
∫
dΩ
n
∑
λλγ
| < λλγn|T |JJz > |2
=
8π
2J + 1
∑
λ∗=−λ+λγ>0
| < λλγ|T |Jλ∗ > |2
=
∑
Jγℓ
| < JJzJγℓ|T |JJz > |2 =
∑
Sℓ
| < JJzSℓ|T |JJz > |2
=
8π
2J + 1
∑
Jγℓ
|A(±)Jγ ,ℓ|2 =
8π
2J + 1
∑
JγT
|R(±)Jγ ,T |2
=
8π
2J + 1
∑
Sℓ
(λ
(±)
l )
2|H(±)S,ℓ |2. (IV.14)
One can add here also expressions (III.22) and (III.26) which calculate the decay widths
using the monopole transition form factors. These form factors are the most frequently used
ones both in analyzing experimental data and in theoretical works.
If the width Γ(N∗ → Nγ∗) is known, the factorization prescription (see e.g. [21]) can be
used to find the dilepton decay rate:
dΓ(N∗ → Ne+e−) = Γ(N∗ → Nγ∗)MΓ(γ∗ → e+e−)dM
2
πM4
, (IV.15)
where
MΓ(γ∗ → e+e−) = α
3
(M2 + 2m2e)
√
1− 4m
2
e
M2
(IV.16)
is the decay width of a virtual photon γ∗ into the dilepton pair with invariant mass M .
The physical N∗ → Nγ decay rate is given by Eqs.(IV.14) in the limit of M = 0.
Eqs.(IV.14)-(IV.16) or (III.22), (III.26), (IV.15), and (IV.16) being combined give the N∗ →
Ne+e− decay rates.
V. TRANSITION FORM FACTORS AND VECTOR MESON DOMINANCE
The non-relativistic quark models are successful in the description of static hadron prop-
erties and hadron decays. These models, however, are not well suited for the calculation
of the dilepton emission, since the electromagnetic form factors should be interpolated into
the time-like region. In the time-like region, the vector meson dominance comes into play,
whereas the non-relativistic quark models have direct photon-quark couplings. They predict
form factors which behave like exp(q2/κ), whereas the VMD requires a Breit-Wigner shape
of the spectral functions for the form factors, centered around the vector meson masses with
the physical vector meson widths. In a finite interval of the space-like region, the exper-
imental data can be fitted with an exponential formula, whereas at high negative q2 the
non-relativistic quark models contradict to the quark counting rules. They contradict also
to the Frazer-Fulco unitarity relations for the nucleon form factors [37–43] in the time-like
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region. The unitarity relations, from the other side, justify the VMD model. The distinction
between expressions given by the exact solution of the unitarity relations for the isovector
nucleon form factors and the VMD expression is not strong. As to the pion form factor,
the deviation of the naive VMD expression (see Eq.(V.2)) from the FFGS expression [37,44],
obtained by solving the unitarity relations for the pion form factor (see e.g. [45]), is quite
small. The same is true for the isovector kaon form factor [46].
Using the VMD model, we satisfy the quark counting rules, analyticity in the complex
q2-plane, and take into account (approximately) the unitarity relations. It is important also
that the VMD model gives simple expressions for the covariant form factors which can easily
be embedded into the heavy-ion codes, if residues of the covariant form factors at the vector
meson poles are determined.
A. Extended VMD model
In terms of the vector meson fields, Vµ, the electromagnetic current has the form [47]
Jemµ = −e
∑
V
m2V
gV
Vµ (V.1)
where mV are the vector meson masses. The SU(3) predictions for the coupling constants,
gρ : gω : gφ = 1 : 3 :
−3√
2
, are in good agreement with the values gρ = 5.03, gω = 17.1, and
gφ = −12.9 extracted from the V → e+e− decays of the ρ-, ω-, and φ-mesons. The expression
(V.1) determines the vector meson couplings with the photon.
The VMD model describes well the electromagnetic pion form factor:
Fπ(q
2) =
fρππ
gρ
m2ρ
m2ρ − q2
, (V.2)
with fρππ being the coupling constant of the effective Lagrangian
Lρππ = −1
2
fρππǫαβγρ
α
µ(π
β∂µπ
γ)
= −fρππ(ρ0µπ−i∂µπ+ + ρ+µ π0i∂µπ− + ρ−µπ+i∂µπ0) (V.3)
where ∂µ =
−→
∂ µ −←−∂ µ. The normalization Fπ(0) = 1 implies
fρππ/gρ = 1. (V.4)
The quark counting rules [15] show that the pion form factor decreases like Fπ(q
2) ∽ 1/q2
as q2 →∞. The VMD predicts therefore the correct asymptotics.
The electromagnetic nucleon form factors demonstrate experimentally a dipole behavior.
The quark counting rules for the Sachs form factors predict GE(q
2) ∽ GM(q
2) ∽ 1/q4 at
q2 → ∞. The VMD model with the ground-state ρ-, ω-, and φ-mesons cannot describe the
nucleon form factors at low values of q2 (the isovector charge radius is underestimated) and
gives in contrast to the pion incorrect asymptotic behavior. It was proposed [16–19] to include
in the current (V.1) excited states of the vector mesons ρ′, ρ′′, ... etc. The VMD model
extended in this way allows to reproduce the low- and intermediate-energy experimental
data and yields for the nucleon form factors the correct asymptotic behavior. The minimal
extension of the VMD model improves the description of the ρπγ transition form factor that
falls off asymptotically as 1/q4 [21].
The vector meson couplings with the nucleon resonances are defined by the T -matrix
element of the V N → N∗ process
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< Jλ∗|T |λλV >=
∑
k
f
(±)
V NN∗,kuβ1...βl(p∗, λ∗)qβ1 ...qβl−1Γ
(±)k
βlµ
u(p, λ)ǫ(λV )µ (q) (V.5)
where the vertexes Γ
(±)k
βµ are the same as for the photon, and ǫ
(λV )
µ (k) is the polarization
vector of the vector meson V with momentum q and helicity λV .
The combination of Eqs.(V.5) and (V.1) allows to calculate the photo- and electropro-
duction amplitudes
< Jλ∗|T |λλγ >=
∑
k
∑
V
f
(±)
V NN∗,k
em2V
gV
1
q2 −m2V
×
uβ1...βl(p∗, λ∗)qβ1...qβl−1Γ
(±)k
βlµ
u(p, λ)ǫ(λγ)µ (q) (V.6)
The comparison with Eq.(II.21) shows that the covariant form factors have the form
F
(±)
k (M
2) =
∑
V
f
(±)
V NN∗,k
gV
1
1−M2/m2V
. (V.7)
The ∆-resonance form factors have only contributions from the ρ-meson family. If the covari-
ant form factors F
(±)
k (M
2) are known, the coupling constants f
(±)
ρ0NN∗,k for the ∆-resonances
can be found from equation
f
(±)
ρ0NN∗,k = −
gρ
m2ρ
res
{
F
(±)
k (M
2 = m2ρ)
}
. (V.8)
The nucleon resonances receive contributions from the ρ-and ω-mesons. The couplings with
the nucleon resonances are calculated as residues of a superposition for isospin projections
I3 = +
1
2
and I3 = −12 :
f
(±)
V NN∗,k = −
gV
2m2V
res
{
F
(±)
k (M
2 = m2V )
I3=+
1
2 ∓ F (±)k (M2 = m2V )I3=−
1
2
}
(V.9)
where V = ρ0(ω) with the corresponding upper (lower) sign between the two isospin form
factors.
The quark counting rules predict the following asymptotics for the helicity amplitudes
F
(±)
3
2
= O(
1
(−M2)5/2 ),
F
(±)
1
2
= O(
1
(−M2)3/2 ),
C
(±)
1
2
= O(
1
(−M2)5/2 ). (V.10)
These constraints can be used to reduce the number of free parameters of the model.
The transition form factors of nucleon resonances with high spins decrease stronger than
the diagonal nucleon form factors.
Spin J ≥ 3
2
resonances. Now, taking into account that λ
(±)
l = O((−M2)l−1/2) at M2 →
−∞, we get the asymptotics of the covariant form factors F (±)k (M2) at M2 → −∞:
F
(±)
1 (M
2) = O(
1
(−M2)l+2 ),
F
(±)
2 (M
2) = O(
1
(−M2)l+3 ),
F
(±)
3 (M
2) = O(
1
(−M2)l+3 ). (V.11)
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These constraints can be resolved to give
F
(±)
1 (M
2) =
∑n+1
j=0C
(±)
1j M
2j∏l+3+n
i=1 (1−M2/m2i )
,
F
(±)
2 (M
2) =
∑n
j=0C
(±)
2j M
2j∏l+3+n
i=1 (1−M2/m2i )
,
F
(±)
3 (M
2) =
∑n
j=0C
(±)
3j M
2j∏l+3+n
i=1 (1−M2/m2i )
. (V.12)
Here, C
(±)
kj are free parameters of the extended VMD model, l + 3 + n is the total number
of the vector mesons. For each form factor, the quark counting rules reduce the number of
free parameters from l + 3 + n to n+ 2 for k = 1 and to n+ 1 for k = 2, 3. In the simplest
case n = 0, the knowledge of the four parameters C
(±)
10 , C
(±)
11 , C
(±)
20 , and C
(±)
30 is sufficient to
fix F
(±)
k (M
2). In the zero-width limit, the multiplicative representation (V.12) is completely
equivalent to an additive representation of Eq.(V.7).
The similar multiplicative representation motivated by the Regge theory is used in Ref.
[24], Eqs.(3.7). The asymptotic dominance of the transverse covariant form factors, used in
that work as an assumption, does not agree with the quark counting rules.
Spin J = 1
2
resonances. In terms of the amplitudes F
(±)
1
2
and C
(±)
1
2
, the constraints to the
asymptotics have the form of Eqs.(V.10). Taking into account that λ
(±)
0 = O((−M2)1/2) at
M2 → −∞, we get
F
(±)
1,2 (M
2) = O(
1
(−M2)3 ). (V.13)
The general representation for the covariant form factors in the spin-1
2
case has the form
F
(±)
k (M
2) =
∑n
j=0C
(±)
kj M
2j∏3+n
i=1 (1−M2/m2i )
. (V.14)
B. Relative sign of the photo- and electroproduction amplitudes and amplitudes for
the nucleon resonance decays into the vector mesons
The experimental data for the photo- and electroproduction amplitudes are quoted by
PDG for the amplitudes
A 3
2
=
ξIξ√
8m∗mω0
F
(±)
3
2
, (V.15)
A 1
2
=
ξIξ√
8m∗mω0
F
(±)
1
2
, (V.16)
S 1
2
=
ξIξ√
8m∗mω0
C
(±)
1
2
, (V.17)
which include the phase factor of the N∗ → Nπ decay, ξ = A(N∗ → Nπ)/|A(N∗ → Nπ)| and
an isospin factor ξI = −1 for nucleon resonances and ξI = +1 for ∆-resonances. The phase
factor ξ appears, since the amplitude γ∗N → N∗ is accompanied in the photoproduction
experiments by the subsequent pion decay of the nucleon resonance.
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The experimental data for the vector meson decays are quoted for the values σ
√
ΓN∗→NV
where σ is a sign of the amplitudes N∗ → Nρ0 or N∗ → Nω multiplied by ξV ξ∗, where ξ
is the pion decay phase and ξV = A(V →pions)/ |A(V →pions)|. The additional factor ξV
appears, since the vector meson production is accompanied by the vector meson decays into
pions. The isospin symmetry implies Γ∆∗→Nρ = 32Γ∆∗→Nρ0 and ΓN∗→Nρ = 3ΓN∗→Nρ0 .
The quark models are very successful in the description of static properties of hadrons
and hadron decays. The models [48–52] give predictions for the photo- and electroproduction
amplitudes (V.15) - (V.17). The 3P0 quark-pair creation model by Yaouanc et al. [54] gives
the vector-meson decay amplitudes inclusive of the phase of ξV ξ
∗. The non-relativistic quark
model by Koniuk [29] gives these amplitudes without the factor ξV , so its predictions are
valid up to an overall sign. The quark-pair creation models of Refs. [30,55,56] do not include
the factor ξV either. The multichannel πN -scattering partial-wave analysis of Manley and
Saleski [27] has an overall sign ambiguity of the ππN amplitudes with respect to the πN
amplitudes. The ππN amplitudes interfere with the Nρ amplitudes due to the ρ → ππ
decay, so the overall Nρ phase is not fixed.
The extended VMD model, from the other side, gives a unified description of the photo-
and electroproduction data and of the resonance decays into the vector mesons, including
the signs of the amplitudes. We wish to use the data [26,27,29,30] to fix the transition form
factors. The overall phase of the N∗ → NV decays with respect to the γ∗N → N∗ amplitudes
is not fixed, however, neither experimentally, nor theoretically.
Yaouanc and co-authors [54] calculate the quantity ξρ. It depends on the sign of the
coupling constant. The product ξV ξ
∗ is negative, being an even function of the coupling.
They do not analyze, however, the photo- and electroproduction amplitudes. The photo-
and electroproduction and vector meson decays of the nucleon resonances are calculated in
Refs. [51,57]. The authors give, however, only relative signs of the N∗ → NV amplitudes.
The overall sign correlated with the photo- and electroproduction amplitudes is, in principle,
provided by the quark models of Refs. [29,48] and [30,52]. The N∗ → NV amplitudes of
Ref. [29] depend on the quark coupling with the vector mesons, g, whose sign is a matter
of convention. The quantity ξρ is, however, proportional to the same coupling, g, so the
quantity σ
√
ΓN∗→NV is an even function of g and therefore well defined. We thus propose
a solution of the ”sign ambiguity” problem within the non-relativistic Isgur-Koniuk [29,48]
quark model framework. (The similar analysis can probably be made also in the quark-pair
creation model of Ref. [30,52].)
The value of ξ is not calculated in our model. It enters as a common factor to the
experimentally measured photo- and electroproduction amplitudes and the vector meson
decay amplitudes and can be absorbed by the covariant form factors F
(±)
k . The isospin factor
ξI will also be absorbed by the form factors. The common phase of the form factors does not
influence the dilepton decay rates.
The value of ξρ can easily be found. Using the effective Lagrangian (V.3), the P -wave
amplitude of the ρ0 → π+π− decay can be found to be < ππ|T |ρ0 >= −fρππ2kπ where kπ
is the absolute value of the pion momentum. Eq.(V.3) shows that the coupling fρππ has a
meaning of the π+ charge with respect to the massive vector field ρ0µ. In the quark model by
Koniuk [29], the ρ0 static charge of the up-quarks is assumed to be positive [53]. The value
of fρππ is therefore positive, and so ξρ = −1.
The vector meson decay amplitudes of the nucleon resonances are proportional to the
product f
(±)
ρ0NN∗,kfρππ. They are invariant with respect to the sign change of the vector meson
coupling, since f
(±)
ρ0NN∗,k ∽ g and fρππ ∽ g. The VMD in the electromagnetic pion form factor
gives rise to Eq.(V.4), so the coupling gρ is an odd function of g. The sign convention for the
coupling g does not affect the isovector parts of the photo- and electroproduction amplitudes,
since they are proportional to the ratios f
(±)
ρ0NN∗,k/gρ. The model we discuss thus provides a
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consistent description of the isovector part of the processes γ∗N → N∗ and of the N∗ → Nρ0
decays.
Similar arguments could be applied to the effective Lagrangian Lωρπ to determine the
ω → 3π amplitude through a two-step mechanism ω → ρπ, ρ → ππ. The ωρπ coupling
constant can, however, be calculated up to an arbitrary phase only. It is proportional to the
ρπ transition magnetic moment (with respect to a static magnetic ω-meson field) which is
not a diagonal one. The ωρπ coupling is proportional to an arbitrary phase difference of the
ρ- and π-meson wave functions (as distinct from the ρππ diagonal transition where such a
phase is identically zero). The relative phase of the quantities ξρ and ξω is well defined for
identical final states, e.g. for the ρ → πγ and ω → πγ decays, in which case ξρ/ξω = +1,
while the ω → 3π phase cannot be fixed with respect to the ρ→ ππ phase.
Godfrey and Isgur [58] calculate meson decay amplitudes by considering the pseudoscalar
mesons as elementary fields. The overall sign of these amplitudes is not correlated with the
amplitudes calculated by considering the vector mesons as elementary fields. It can be seen
e.g. from Table V of Ref. [58], according to which the ρ → ππ amplitude is imaginary,
whereas we get above for the ρ → ππ decay a real negative amplitude. The reason stems
from the fact that the amplitudes of Ref. [58] are proportional to the coupling constant of the
quarks with the pions, whereas the amplitudes of Ref. [29] are proportional to the coupling
constant of the quarks with the vector mesons. The relative signs (phases) of these coupling
constants are not correlated.
The model by Koniuk [29] has, however, a SU(3) symmetric vertex for quarks interacting
with the vector mesons. In this model, 1/gρ ∽ trτ
3Q = 1 and 1/gω ∽ trQ = 1/3 where τ
3 is
the isospin Pauli matrix and Q = diag(2/3,−1/3) is the quark charge matrix. The relative
sign of the coupling constants gρ and gω is apparently known. The same relative sign (+) is
given by Godfrey and Isgur [58], which is independent on the quark-pion coupling constant.
This knowledge is sufficient to compare predictions of the extended VMD model with the
amplitudes of Refs. [29], which do not include the phases ξV .
Manley and Saleski [27] found that the πN partial-wave analysis is in good agreement
with the results by Koniuk [29] taken with the opposite sign. We got ξρ = −1, using the
model by Koniuk, so the results by Manley and Saleski for the ππN waves have apparently
the overall sign correlated correctly with the photo- and electroproduction amplitudes, as
calculated by Koniuk and Isgur [48].
We thus perform a fit to the amplitudes for the photo- and electroproduction of the nu-
cleon resonances with the standard phase conventions of PDG [26] and Koniuk and Isgur
[48]. We fit further the vector meson decay amplitudes. The overall sign of these amplitudes
is chosen such as to reproduce in the extended VMD model both the photo- and electro-
production amplitudes and the vector meson amplitudes of the nucleon resonance decays,
calculated in the non-relativistic quark model by Koniuk and Isgur [48] and by Koniuk [29].
The transition form factors of nucleon resonances determined this way do not depend on the
sign convention adopted in the quark model [29] for the coupling constant, g, of quarks with
the vector mesons:
In the Koniuk quark model, the amplitudes of the vector meson decays of the nucleon
resonances are proportional to the coupling constant g. In the extended VMD model, these
amplitudes are proportional to the coupling constants f
(±)
V NN∗,k, according to Eq.(V.5). We
found earlier fρππ ∽ g. The coupling constant gρ is also proportional to g, according to
Eq.(V.4). The SU(3) symmetry implies gω ∽ g. The g-dependence drops out from the
transition form factors (V.7). In agreement with the quark model, Eqs.(V.8) and (V.9) give
afterwards f
(±)
V NN∗,k ∽ g. This completes the consistency check.
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VI. NUMERICAL RESULTS
The parameters C
(±)
kj of the extended VMD model, entering Eqs.(V.12) and (V.14), are
determined from the fit to the photo- and electroproduction data [26,60,59,61,65] and the
vector meson decay amplitudes of the nucleon resonances [26–30]. We use the minimal n = 0
extension of the VMD model for all resonances.
The number of the vector mesons required for each isotopic channel to ensure the correct
asymptotic behavior depends on the total spin of the nucleon resonance. For spin-J reso-
nances, we need 3 + l (= 3 + J − 1
2
) excited vector mesons with the same quantum numbers
for the minimal extension of the VMD. The nucleon resonances we consider have spins J
from 1
2
to 7
2
. It means that we need at the most 6 excited vector mesons for each isotopic
channel. The following masses are used: 0.769, 1.250, 1.450, 1.720, 2.150, 2.350 (in GeV).
The numbers appearing on the 1 and 3 - 5 positions are masses of the physical ρ-mesons
according to PDG [26]. The possible existence of vector mesons with masses around 1.250
GeV is discussed for a long time. The phenomenology of the nucleon form factors and, in
particularly, the scaling laws for the Sachs form factors make the existence of an enhancement
in the spectral function of the nucleon form factors at 1.250 GeV very plausible (for details
see [21]). The results on the dilepton emission do not depend strongly on the exact numer-
ical values of the masses of the excited vector mesons, since the dilepton energy spectrum
extends only slightly above 1 GeV for the nucleon resonances with masses about 2 GeV. In
the region of the invariant masses M < 1 GeV, the form factors are smooth functions of the
masses of the excited vector mesons. The last mass is set equal to 2.350 GeV for an estimate.
We assumed further a degeneracy between the ρ and ω families. The strange φ mesons are
decoupled in our model from the nucleons due to the OZI rule. The opposite assumption is
used in Refs. [16,18]. The widths of the mesons 2 - 6 is set equal to zero, the widths of the
ground-state ρ- and ω-mesons are taken from PDG.
For the nucleon resonance decays into the vector mesons, we use the data from PDG
[26]. When these data are not available (quite often), we use the Manley and Saleski results
(MS) of the multichannel πN partial-wave analysis [27]. In other cases, we use the quark
model predictions by Koniuk [29] with 50% errors and 0.05 MeV1/2 errors if the values are
close to zero. In a few cases, the results [28] of the multichannel πN partial-wave analysis
of Longacre and Dolbeau (LD) with 50% errors and of Capstick and Roberts (CR) quark
model predictions [30] are used, when other results do not agree with the most recent PDG
constraints to the total vector meson decay widths. The PDG and MS data are included to
the χ2 with greater weights. Below we give details of our fitting procedure:
N(1535)1
2
−
: The experimental values for A1/2 are from Ref. [68]. The Nρ mode s1/2 is
taken from PDG. The Nρ mode d3/2 is taken from MS. The ω-meson mode d3/2 is set equal
to zero.
N(1650)1
2
−
: The Nρ mode s1/2 is taken from PDG with the negative sign as predicted
by K. The MS sign is not well fixed. The mode d3/2 is taken from PDG. The Nω modes are
from the Koniuk paper (K) with 0.05 MeV1/2 errors.
N(1520)3
2
−
: The experimental values for A1/2 and A3/2 are from Ref. [68]. The modes
d1/2 and d3/2 are taken from K with a 0.05 MeV
1/2 error. The mode s3/2 is taken from PDG.
N(1700)3
2
−
: The experimental values for A1/2 and A3/2 are from Ref. [68]. The Nρ modes
d1/2 and d3/2 are taken from K with a 0.05 MeV
1/2 error. The mode s3/2 is taken from PDG
with the negative sign as predicted by MS. The Nω modes are from K with 0.05 MeV1/2
errors.
N(1675)5
2
−
: The Nρ mode d1/2 is taken from MS, the mode d3/2 is taken from PDG. The
g3/2 modes are from K with a 0.05 MeV
1/2 error. The Nω mode g1/2 is set equal to zero.
N(1440)1
2
+
: The experimental values for A1/2 are from Ref. [68]. The mode p1/2 is taken
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from PDG. The sign of the mode which is given by PDG in the absolute value is taken to
be positive as predicted by Koniuk. The value of the mode p3/2 is taken from K. We set
a 50% error for the fit. The coordinate quark wave function of the resonance is known to
be symmetric, so the neutron charge radius does vanish. It is proportional to the second
derivative of the charge density with respect to the momentum k at k = 0 or, equivalently,
to the first derivative of the helicity amplitude S1/2 at pseudothreshold M
2 = (m∗ −m)2, so
we set 2m+F
(−)
1 +m−F
(−)
2 = 0 at M
2 = (m∗ −m)2.
N(1710)1
2
+
: The Nρ mode p1/2 is taken from PDG. The sign of the mode is taken to be
positive, as predicted by MS. The value of the mode p3/2 from LD results to
√
ΓNρ = 8.9
MeV1/2. This value is too high as compared to the square root of the PDG total Nρ width
of 4.3 ± 1.9 MeV1/2. We thus take for the mode p3/2 the three times smaller Koniuk quark
model value of
√
BNπBNρ = 0.09 with a 50% error. The Nω modes from K are included to
the fit with 0.05 MeV1/2 errors.
N(1720)3
2
+
: The Nρ mode p1/2 from MS and the mode p3/2 from LD seems to be over-
estimated, in view of the PDG value
√
ΓtotNρ = 11 ± 2 MeV1/2 for the total Nρ width. The
modes p1/2, p3/2 and f3/2 are taken from K with 50% errors. The Nω modes from K are
included to the fit with 0.05 MeV1/2 errors.
N(1900)3
2
+
: The Nρ mode p1/2 is from MS. The modes p3/2 and f3/2 are taken from K
with 0.05 MeV1/2 errors. The Nω modes are from K with 0.05 MeV1/2 errors.
N(1680)5
2
+
: The experimental values for A1/2 and A3/2 are from Ref. [68]. The Nρ mode
f1/2 is from K with a 50% error. The modes f3/2 and p3/2 are from PDG. The Nω modes are
from K with 0.05 MeV1/2 errors.
N(2000)5
2
+
: The Nρ mode f1/2 is from K with a 50% error. The modes f3/2 and p3/2 are
from MS. The Nω modes are from K with 0.05 MeV1/2 errors.
N(1990)7
2
+
: The Nρ modes f1/2, f3/2, and h3/2 are from K with 0.05 MeV
1/2 errors. The
Nω modes are from K with 0.05 MeV1/2 errors.
∆(1620)1
2
−
: PDG values are used.
∆(1900)1
2
−
: MS values are used.
∆(1700)3
2
−
: K values are used for the modes d1/2 and d3/2 with 0.05 MeV
1/2 errors. The
PDG absolute value is used for the s3/2 mode with MS sign.
∆(1940)3
2
−
: CR values are used for the modes d1/2 and d3/2. MS value is used for the s3/2
mode.
∆(1930)5
2
−
: CR values are used for the modes d3/2 and g3/2. MS value is used for the d1/2
mode.
∆(1750)1
2
+
: K values are used with 50% errors.
∆(1910)1
2
+
: K values are used with 50% errors.
∆(1232)3
2
+
: The data in the space-like region on the magnetic transition form factor are
from Refs. [59–61]. We include into the fit the experimental results of Refs. [63,62,64–67]
for the ratio GC/GM and of Refs. [65,66,62,67] for the ratio GE/GM . The results of Refs.
[65] and [66] for the ratio GE/GM disagree already in sign. We fit well the data [65]. The
amplitudes A3/2 and A1/2 at M = 0 are given by PDG. The ∆(1232) magnetic form factor in
the space-like region is a smooth, well measured function. It is well reproduced in the VMD
model. Using the knowledge of the GM , we translate on Fig. 19, when data are sufficient,
the experimental points from plots for the monopole form factors to plots for the helicity
amplitudes, and v. v. It is seen that the experimental data for the form factors GE and GC
are not stable yet. The vector meson decay channels are closed.
∆(1600)3
2
+
: LD values give too high coupling constants ∆Nρ. We use CR predictions
which are 5 to 10 times smaller.
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∆(1920)3
2
+
: K values are used with 50% errors.
∆(1905)5
2
+
: CR values are used for the f -modes and PDG for the p3/2-mode.
∆(2000)5
2
+
: K values for the f modes are used with 50% errors. MS value is used for the
p3/2 mode.
∆(1950)7
2
+
: PDG gives an upper limit of 6 MeV1/2 for the total Nρ width. MS and K
results are above this limit, so we use the estimates of CR.
The S1/2 amplitudes which we used as an input are from Refs. [69,70].
In Table I, we show the parameters C
(±)
kj of the extended VMD model for nucleon reso-
nances with masses below 2 GeV.
In Table II, the coupling constants gVT ≡ gVT (mV ) of the vector mesons of the magnetic,
electric, and Coulomb types with the nucleon resonances are shown. The coupling constants
gVT are defined as in Eqs.(V.8) and (V.9) with the selfevident replacements f
(±)
V NN∗,k → gVT and
F
(±)
k → G(±)T . The coupling constants f (±)V NN∗,k and gVT are related by the same transformation
as the covariant form factors F
(±)
k and G
(±)
T :
gVT =
∑
k
MTk(m
2
V )f
(±)
V NN∗,k. (VI.1)
The matrices MTk(M
2) are defined by Eqs.(III.18), (III.19), and (III.19), respectively, for
the normal- and abnormal-parity l > 0 resonances, and normal- and abnormal-parity l = 0
resonances.
The quality of the fit is generally good. It can be controlled with the help of Tables III -
VI and Figs. 1 - 25. The minimal n = 0 extension of the VMD model appears to be sufficient
to fit the data. The exception is only the N∗(1520)-resonance. It has a sharpM2-dependence
of the helicity amplitude Ap3/2(M
2) at the interval −4 < M2 < 0 GeV2 (see Fig. 3). The
minimal n = 0 model cannot reproduce it.
In Tables III - VI, we compare the VMD model results for the vector meson decay ampli-
tudes of the nucleon resonances with the results of the πN multichannel partial-wave analysis
[26–28] and the quark models [29,30,54–57]. The extended VMD model results should not
normally be treated as predictions, since for every nucleon resonance the number of the pa-
rameters in the fit is comparable with (being always less than or equal to) the number of
points available from the experiment and the quark models. The evident exceptions are the
∆(1232)-resonance, where many data points exist in the space-like region, and a few others.
It is seen from the Tables III - VI that the minimal extension n = 0 of the VMD model
describes the vector meson amplitudes in the different partial waves fairly well, with respect
to both, the signs and the values.
The vector meson decay widths of the nucleon resonances are calculated using Eqs.(III.22)
and (III.26) after substituting α→ 1/(4π) and GT (M2)→ gVT (M2). The ”running” coupling
constant gVT (M
2) is given by
gVT (M
2) =
∑
kT ′
MTk(M
2)M−1kT ′(m
2
V )g
V
T ′(m
2
V ) (VI.2)
The values M−1kT ′(m
2
V ) are the inverse transformation matrices given in Sect. 3. The pa-
rameters C
(±)
kj and the coupling constants f
(±)
V NN∗ of Eqs.(V.8) and (V.9) are considered as
being independent of M2, whereas in the multipole basis one should take into account the
M2-dependence of the transformation matrices MTk(M
2).
The signs of the vector meson decay amplitudes are defined as follows: We determine first
the average vector meson mass
M¯2(±) =
∫
ϕ(±)(M2)M2dW (M2)/
∫
ϕ(±)(M2)dW (M2) (VI.3)
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where ϕ(±)(M2) are the kinematical parts of the widths (III.22) and (III.26):
ϕ(±)(M2) = (m2∓ −M2)l+1/2(m2± −M2)l−1/2,
ϕ(±)(M2) = (m2± −M2)3/2(m2∓ −M2)1/2,
respectively, for l > 0 and l = 0 resonances. The integral runs over the Breit-Wigner
distribution dW (M2). The sign of the vector meson decay amplitude is given by sign of the
quantity
H
(±)
S,ℓ = sign(ξξ
∗
ρλ
(±)
l )H
(±)
S,ℓ (VI.4)
evaluated at M2 = M¯2(±). The factor of ξρ brings the overall sign to the MS sign conventions
[27]. The phase of ξ is absorbed by both the photo- and electroproduction amplitudes and the
vector meson decay amplitudes of the nucleon resonances. The products ξF
(±)
3
2
, ξF
(±)
1
2
, ξC
(±)
1
2
,
and ξH
(±)
S,ℓ are real for all partial waves [48], so the appearance of the complex conjugate value
of ξ in the vector meson decay amplitudes does not change the relative sign, as compared
with what we have described.
For some of the resonances, as can be seen from the Figs.1-25, the amplitude changes its
sign on the interval 0 < M2 < 1 GeV.
The plots 1-25 show the magnetic, electric, and Coulomb form factors for the nucleon
resonances with masses below 2 GeV, listed by PDG. We give in the space-like region the
ratios between the form factors and the dipole function
GD(t) =
1
(1− t/0.71)2 (VI.5)
where t is in GeV2 (t = q2). The ratios between the helicity amplitudes and the dipole
function (VI.5) are also shown, also in the space-like region. Next, we give the partial-wave
amplitudes H
(±)
S,ℓ of the vector meson emission in the time-like region. The solid curves stand
for the extended VMD model. The data for the πN multichannel partial-wave analysis and
the quark models used in the fit atM2 > 0 and the experimental data for the transition form
factors and the photo- and electroproduction helicity amplitudes used in the fit at M2 < 0
are shown also.
In Table VII, we show the dilepton widths of the nucleon resonances. Figs.26 and 27 show
the dilepton e+e− and µ+µ− spectra from decays of the nucleon resonances.
VII. CONCLUSION
In this work, we derived phenomenological kinematically complete relativistic expressions
for the decay rates of nucleon resonances with arbitrary spin and parity into the dilepton
pairs in terms of the magnetic, electric, and Coulomb transition form factors. The extended
VMD model was used for the description of the transition form factors of the nucleon res-
onances. The quark counting rules were taken into account to reduce the number of free
parameters of the model. The remaining free parameters are fixed by fitting the photo- and
electroproduction amplitudes and the decay amplitudes of the nucleon resonances into the
vector mesons. The extended VMD model allows to treat the data both in the space- and
time-like regions. The transition form factors determined from the fit are used for the cal-
culation of the dilepton widths and dilepton spectra from decays of the nucleon resonances
with masses below 2 GeV.
In many cases, the experimental data we used to fix the form factors are not stable yet.
To make the study complete, we used also the quark model predictions. The results of our
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analysis can be treated as a first quantitative hint to the form factors and the decay ampli-
tudes which they determine. The VMD predictions are useful for planning new experiments
for measurements of the transition form factors and vector meson branchings of the nucleon
resonances.
We propose thus unified description of the photo- and electroproduction data, the vector
meson and dilepton decay amplitudes of the nucleon resonances. The results can be used
for modeling the dilepton production in the pion-nucleon, nucleon-nucleon, and heavy-ion
collisions.
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Figures captions:
Figs. 1- 25: Electromagnetic transition form factors of the magnetic, electric, and
Coulomb types (GM , GE, and GC), helicity amplitudes (A3/2, A1/2, and S1/2), and partial-
wave amplitudes of nucleon resonance decays into the ρ- and ω-meson channels (H
(±)
S,ℓ ) for
nucleon resonances listed by PDG with masses below 2 GeV. The minimal extension n = 0 of
the VMD model is used for all resonances. The valueGD(t) is the dipole function of Eq.(VI.5).
The photo- and electroproduction experimental data [26,60,59,61,65] are displayed. The vec-
tor meson decay amplitudes of the nucleon resonances [26–30], that were included into the
fit, are also shown.
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Resonance C10 C11 C20 C30
N∗(1535)12
−
0.979 0.006
1.787 -0.062
N∗(1650)12
−
0.232 -0.186
-0.394 0.157
N∗(1520)32
−
2.186 -1.236 -1.976 -0.159
-0.220 1.899 -0.316 -0.249
N∗(1700)32
−
0.169 0.410 -0.227 -0.454
0.104 1.666 -0.138 -2.281
N∗(1675)52
−
-0.205 0.080 0.371 -3.812
0.579 -0.560 -0.591 3.357
N∗(1440)12
+
0.863 1.023
0.084 -0.699
N∗(1710)12
+
0.287 -0.185
-0.382 0.056
N∗(1720)32
+
0.000 0.608 0.187 -5.312
0.051 -0.304 0.194 1.630
N∗(1900)32
+
0.024 -0.238 0.028 0.991
-0.054 0.398 0.055 -1.777
N∗(1680)52
+
2.487 -0.700 -2.116 -0.797
-0.793 4.929 0.735 -6.297
N∗(2000)52
+
0.201 0.762 -0.267 -1.663
0.049 -0.176 -0.029 0.956
N∗(1990)72
+
-0.199 0.336 0.321 -0.578
1.028 -2.263 -0.796 0.846
∆(1620)12
−
-0.155 -0.081
∆(1900)12
−
0.123 -0.025
∆(1700)32
−
-0.630 -0.298 1.080 -0.473
∆(1940)32
−
-0.251 0.075 0.252 -0.202
∆(1930)52
−
0.181 0.845 -0.555 -4.531
∆(1750)12
+
0.325 0.431
∆(1910)12
+
0.194 -0.045
∆(1232)32
+
1.768 0.025 -1.096 -0.926
∆(1600)32
+
0.086 -0.012 -0.238 1.806
∆(1920)32
+
-0.120 0.187 0.276 -1.386
∆(1905)52
+
-0.209 0.090 0.157 -1.145
∆(2000)52
+
-0.088 -0.388 -0.020 1.299
∆(1950)72
+
0.867 -1.250 -0.138 1.619
TABLE I. Residues C
(±)
jk of the extended VMD model, entering Eqs.(V.12) and (V.14), in units
GeV−(l+1) where l = J − 12 . The N∗ residues are shown in two lines for the proton and neutron
resonances, respectively.
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Resonance gρM g
ρ
E g
ρ
C g
ω
M g
ω
E g
ω
C
N∗(1535)12
−
2.21 3.16 -28.03 -42.67
N∗(1650)12
−
-0.26 -0.01 2.01 4.14
N∗(1520)32
−
-0.53 -9.21 -24.62 -7.67 18.16 46.13
N∗(1700)32
−
0.02 1.31 2.56 -0.17 -1.45 -1.45
N∗(1675)52
−
-9.79 -4.91 -31.08 2.07 -1.61 -10.50
N∗(1440)12
+
-8.21 18.16 -14.14 63.13
N∗(1710)12
+
-0.69 13.35 2.97 -8.13
N∗(1720)32
+
-0.49 -5.72 -25.91 0.14 -8.27 -37.73
N∗(1900)32
+
-1.75 1.71 10.66 1.25 -1.28 -8.85
N∗(1680)52
+
0.00 5.77 8.01 -1.34 -11.75 -7.98
N∗(2000)52
+
0.60 -5.19 -26.29 1.72 8.98 5.18
N∗(1990)72
+
6.13 1.39 7.73 -19.88 -3.73 -28.51
∆(1620)12
−
1.59 3.32
∆(1900)12
−
-0.32 -1.31
∆(1700)32
−
0.05 -5.53 -12.08
∆(1940)32
−
-0.37 -2.38 -6.98
∆(1930)52
−
12.87 -5.38 -48.07
∆(1750)12
+
-6.02 16.69
∆(1910)12
+
-0.44 8.44
∆(1232)32
+
30.57 0.80 6.56
∆(1600)32
+
4.92 3.31 12.31
∆(1920)32
+
-1.61 -1.38 -9.88
∆(1905)52
+
-0.19 -15.25 -42.58
∆(2000)52
+
-0.54 2.30 20.56
∆(1950)72
+
5.82 1.92 22.90
TABLE II. The ρ- and ω-meson coupling constants of the magnetic, electric, and Coulomb types
with the nucleon resonances in units GeV−(l−1) where l = J − 12 .
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Resonance Ref. Nρ Nρ Nρ
√
ΓtotNρ Nω Nω Nω
√
ΓtotNω
s1/2 d3/2 s1/2 d3/2
N∗(1535)12
−
VMD -2.13 -0.25 2.15 1.43 0.05 1.43
KI -1.7 -6.1 6.3
CR -0.7±0.3 0.4±0.1 0.8+0.2−0.1
SST 1.1
MS -1.7±0.5 -1.3±0.6 2.2±0.6
PDG -2.0±0.9 < 2.7
N∗(1650)12
−
VMD -1.45 1.04 1.78 -0.97 -0.02 0.97
KI -9.7 2.7 10.1 -0.96 0.67 1.2
CR 0.9+0.8−0.6 0.4±0.1 1.0+0.3−0.2
SST 0.6
MS 0.0±1.6 2.2±0.9 2.2±0.9
PDG ±1.6 ± 1.2 3.4±1.0 3.6±0.9
d1/2 d3/2 s3/2 d1/2 d3/2 s3/2
N∗(1520)32
−
VMD -0.37 -0.17 -5.14 5.16 -0.02 0.03 0.28 0.29
KI 0.7 -1.1 -5.0 5.2
CR -0.1+0.1−0.3 -0.3
+0.2
−1.0 -2.4
+1.9
−6.4 2.5
+6.5
−1.9
SST 3.2 -2.7 -1.7 4.6
MS 0 0 -5.1±0.6 5.1±0.6
PDG -4.9±0.6 4.9±0.6
N∗(1700)32
−
VMD -0.94 -2.32 -2.22 3.35 0.21 0.90 1.39 1.67
KI -0.1 -2.7 -4.3 5.1 0.26 0.89 1.4 1.7
CR 0 -0.9+0.3−0.6 0.0±0.1 0.9+0.6−0.4 0.0+0.0−0.3 0.0+0.3−0.0 0.0+0.0−16.2 < 16.2
SST 3.7
MS 0 0 -5.6±5.7 5.6±5.7
PDG ±2.2± 2.1 < 7.4
d1/2 d3/2 g3/2 d1/2 d3/2 g3/2
N∗(1675)52
−
VMD 0.75 -1.70 0.22 1.87 0.06 0.00 0.00 0.06
KI -1.1 -0.2 0 2.3 0
CR 0.2 -0.4 0 0.5
SST 2.0
MS 0.8±0.4 -0.5±0.5 0 1.0±0.4
PDG 0.8±0.4 -1.7±0.6 < 2.2
TABLE III. Predictions of the extended VMD model for the partial widths of the nucleon
resonance decays into the ρ- and ω-meson channels, inclusive of the sign of the amplitudes. The
data quoted by PDG [24], the results of the multichannel πN partial-wave analysis MS [25] and LD
[26], and predictions of the non-relativistic quark model K [27] and the quark-pair creation models
CR [28] and SST [53,54] are given for comparison. The widths are in MeV. This table shows the ρ-
and ω-meson modes of the negative-parity N∗-resonances.
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Resonance Ref. Nρ Nρ Nρ
√
ΓtotNρ Nω Nω Nω
√
ΓtotNω
p1/2 p3/2 p1/2 p3/2
N∗(1440)12
+
VMD -0.29 0.61 0.67 0.00 0.00 0.00
KI 0.3 0.1 0.3
CR -0.3+0.2−0.3 -0.5
+0.3
−0.5 0.6
+0.5
−0.3
SST 1.5
PDG ±3.7 ± 2.2 < 6
N∗(1710)12
+
VMD 2.22 3.30 3.97 0.18 -0.72 0.74
KI 5.5 2.5 6.0 0.6 -0.7 0.9
CR 0.3±0.1 -3.7+0.9−1.2 3.7+1.2−1.0 0.0+0.0−2.3 0.0+0.0−0.4 < 2.3
SST 4.1 0.03 -0.2 0.2
MS 3.9±4.4 0 < 8.3
PDG ±4.0 ± 2.0 4.3±1.9
p1/2 p3/2 f3/2 p1/2 p3/2 f3/2
N∗(1720)32
+
VMD 11.03 -2.56 1.02 11.37 5.29 -2.09 0.14 5.69
KI 11.7 -2.6 -3.5 12.5 5.3 -2.1 -0.61 5.7
CR -2.6+0.7−0.8 1.8
+0.6
−0.5 0.7
+0.3
−0.2 3.3
+1.0
−0.8 0.0
+0.0
−0.2 0.0
+1.2
−0.0 0.0
+0.1
−0.0 < 1.3
SST 5.2 0.1 0.2 0.1 0.2
OR -5.7 -2.5 -1.9 6.5
MS 18±5 0 0 18±5
PDG 11±2
N∗(1900)32
+
VMD -14.82 -1.28 -2.08 15.02 7.97 -0.49 1.25 8.09
KI -0.4 -1.3 -0.5 1.5 9.7 -0.4 -2.0 9.9
CR -1.4+0.9−1.0 -1.0±0.6 0.2+0.5−0.2 1.8+1.2−1.1 4.4+1.2−4.4 0.6+1.2−0.6 < 5.9
SST 6.1 11.5 -8.2 6.2 15.4
MS -14.7±2.9 0 0 14.7±2.9 12.3±1.8 0 0 12.3±1.8
PDG
f1/2 f3/2 p3/2 f1/2 f3/2 p3/2
N∗(1680)52
+
VMD -1.35 -1.23 -2.62 3.20 0.09 0.40 0.58 0.71
KI 1.6 -1.3 -4.0 4.5 0.13 -0.19 -1.2 1.2
CR -0.2±0.0 -0.3±0.1 -3.0+0.4−0.5 3.0+0.5−0.4
SST 3.1 2.7 -1.3 4.3
MS 0 -1.7±0.6 -2.8±0.7 3.3±0.7
PDG -2.0±0.6 -2.8±1.4 3.4±1.1
N∗(2000)52
+
VMD 2.50 6.99 -16.02 17.66 0.07 8.19 9.96 12.89
KI -1.7 -4.4 -6.6 8.1 4.0 6.7 10.9 13.4
CR -0.4±0.3 -0.2±0.1 -7.8+3.1−0.2 7.8+0.2−3.1 -0.3+0.2−0.3 -1.6+1.1−1.5 3.1+0.5−0.5 3.5+1.3−0.8
MS 0 8.5±5.8 -17.2±6.2 19.2±6.1
f1/2 f3/2 h3/2 f1/2 f3/2 h3/2
N∗(1990)72
+
-0.96 3.95 0.97 4.18 1.31 -6.90 -0.68 7.06
KI -0.8 4.2 0 4.3 1.3 -7.2 0 7.3
CR 0.6±0.3 -1.0+0.6−0.5 0 1.2+0.6−0.7 -0.8+0.4−0.5 1.4+0.9−0.7 0 1.6+1.0−0.9
SST 1.1 2.3 -2.8 0.7 14
TABLE IV. The ρ- and ω-meson modes of the positive-parity N∗-resonances. The notations are
the same as in Table III.
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Resonance Ref. Nρ Nρ Nρ
√
ΓtotNρ
s1/2 d3/2
∆(1620)12
−
VMD 4.05 -0.02 4.05
KI 7.8 -1.7 8.0
CR -3.6+1.3−2.5 -0.3
+0.1
−0.2 3.6
+2.5
−1.3
SST 2.5 -3.6 4.4
MS 6.2±0.9 -2.4±0.2 6.6±0.8
PDG 4.2±1.4 -2.2±1.5 4.9±1.5
∆(1900)12
−
VMD -5.31 -1.52 5.52
CR 2.5±0.6 1.5+0.5−0.3 2.9+0.8−0.6
MS -3.5±2.7 -9.3±1.7 9.9±1.9
d1/2 d3/2 s3/2
∆(1700)32
−
VMD -1.66 0.66 6.67 6.91
KI 4.2 0.9 16.5 17.0
CR -1.2+0.6−1.2 0.5
+0.5
−0.2 3.4
+2.2
−1.7 3.6
+2.5
−1.8
SST 4.9
MS 0 0 6.8±2.3 6.8±2.3
PDG ±6.7 ± 2.4 11±3
∆(1940)32
−
VMD -2.70 1.32 12.83 13.18
CR -3.8+2.3−2.5 1.4
+0.9
−0.8 1.0±0.3 4.2+2.7−2.4
MS 0 0 12.7±5.6 12.7±5.6
d1/2 d3/2 g3/2
∆(1930)52
−
VMD -16.90 -2.62 -1.65 17.18
CR 0.1±0.0 -2.9+0.5−0.8 -0.1+0.0−0.1 2.9+0.8−0.5
MS -20.8±2.9 0 0 20.8±2.9
TABLE V. The ρ-meson modes of the negative-parity ∆-resonances. The notations are the same
as in Table III.
33
Resonance Ref. Nρ Nρ Nρ
√
ΓtotNρ
p1/2 p3/2
∆(1750)12
+
VMD 2.20 -7.65 7.97
KI 2.2 -7.6 7.9
CR -6.5+4.6−4.1 4.7
+3.1
−3.3 8.0
+5.1
−5.7
SST 17.1
∆(1910)12
+
VMD -2.75 -5.44 6.10
KI -3.7 -4.9 6.1
CR 5.6+0.9−0.4 2.6
+0.4
−0.2 6.1
+1.0
−0.5
SST 6.9
MS 4.9±1.1
p1/2 p3/2 f3/2
∆(1600)32
+
VMD 0.56 -1.30 0.13 1.42
KI -1.3 -5.5 -0.4 5.7
CR 0.4+0.7−0.3 -0.9
+0.6
−1.4 0 1.0
+1.6
−0.6
SST 2.9
L 4.5 4.5 0 6.4
PDG < 11
∆(1920)32
+
VMD -6.19 6.75 -2.05 9.39
KI -8.1 6.2 5.5 11.6
CR 5.3+1.3−0.5 6.6
+1.6
−0.7 -0.7
+0.2
−0.4 8.5
+2.0
−0.8
SST 5.2
f1/2 f3/2 p3/2
∆(1905)52
+
VMD -1.40 -0.46 17.46 17.53
KI -0.1 -6.4 -2.1 6.7
CR -0.7±0.2 -0.7+0.1−0.2 6.3+0.8−0.4 6.4+0.8−0.4
SST 5.1
OR 0.3 1.3 -6.6 6.7
MS 0 0 16.8±1.3 16.8±1.3
PDG 20±6 > 17
∆(2000)52
+
VMD 2.43 5.20 -6.73 8.84
KI 7.2 4.6 17.8 19.7
CR 2.6+2.8−2.1 -3.1
+2.4
−3.2 3.1±1.2 5.1+4.2−3.0
SST 8.9
MS 0 0 -6.7±2.4 6.7±2.4
f1/2 f3/2 h3/2
∆(1950)72
+
VMD 1.28 -2.38 0.28 2.72
KI -4.7 -8.2 0 9.4
CR 1.3±0.1 -2.3±0.2 0 2.6±0.2
SST 4.5
OR 1.1 1.9 0 2.2
MS 0 11.4±0.5 0 11.4±0.5
PDG < 6
TABLE VI. The ρ-meson modes of the positive-parity ∆-resonances. The notations are the same
as in Table III.
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Resonance Γe+e− Γµ+µ−
KeV KeV
N∗(1535)12
−
2.01 1.87
5.30 4.85
N∗(1650)12
−
3.23 0.79
2.00 0.31
N∗(1520)32
−
6.02 0.73
4.42 0.41
N∗(1700)32
−
0.41 0.32
2.86 2.64
N∗(1675)52
−
0.21 0.10
1.09 0.22
N∗(1440)12
+
1.40 0.22
0.56 0.05
N∗(1710)12
+
0.58 0.31
0.60 0.56
N∗(1720)32
+
7.93 7.77
3.14 2.77
N∗(1900)32
+
4.62 4.54
12.22 11.91
N∗(1680)52
+
2.58 0.43
1.47 1.13
N∗(2000)52
+
14.17 13.99
20.89 21.56
N∗(1990)72
+
3.09 2.97
8.24 4.78
∆(1620)12
−
1.33 0.88
∆(1900)12
−
1.19 1.09
∆(1700)32
−
6.10 1.65
∆(1940)32
−
6.57 6.20
∆(1930)52
−
9.63 9.16
∆(1750)12
+
4.61 2.77
∆(1910)12
+
1.33 1.27
∆(1232)32
+
5.02 0.04
∆(1600)32
+
0.24 0.13
∆(1920)32
+
4.22 3.50
∆(1905)52
+
10.51 10.36
∆(2000)52
+
3.25 3.00
∆(1950)72
+
3.18 0.81
TABLE VII. The decay widths of the nucleon resonances into the e+e− and µ+µ− pairs. The
first line of the N∗-resonances with I = 1/2 refers to the proton, the second one to the neutron
resonances.
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FIG. 26. The e+e− spectra from decays of the nucleon resonances listed in Tables I - III. The
bold lines, long-dashed lines, short-dashed lines, and the dotted lines stand, respectively, for the
J = 12 ,
3
2 ,
5
2 , and
7
2 resonances. The two upper plots show the results for the negative-parity
N∗-resonances (protons and neutrons), the two next plots show the results for the positive-parity
N∗-resonances, the two lower plots show the spectra from decays of the ∆-resonances, the left one
for the negative-parity and the right one for the positive-parity resonances. The peaks are due to
the ρ- and ω-mesons.
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FIG. 27. The µ+µ− spectra from decays of the nucleon resonances listed in Tables I - III.
The bold lines, long-dashed lines, short-dashed lines, and the dotted lines stand, respectively, for
the J = 12 ,
3
2 ,
5
2 , and
7
2 resonances. The two upper plots show the dimuon spectra for the neg-
ative-parity proton and neutron resonances (I = 1/2), the two next plots show the results for
the positive-parity proton and neutron resonances, the two lower plots show the dimuon spectra
from decays of the ∆-resonances, the left one for the negative-parity and the right one for the
positive-parity ∆-resonances. The peaks are due to the ρ- and ω-mesons.
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